INTRODUCTION
Transjugular intrahepatic porto-systemic shunt (TIPS) is now routinely used for the treatment of complications of portal hypertension [1] [2] [3] [4] . One of the main disadvantages of this technique is the frequent occurrence of stent dysfunction. Indeed, with bare-stents, a reintervention is necessary in more than half of the cases at 1 year [5] [6] [7] [8] .
Thus, strict and scheduled monitoring to search for dysfunction is usually recommended. However, the use of polytetrafluoroethylene covered stents (e-PTFE) since 2000 has improved shunt patency [9] [10] [11] [12] [13] . Nevertheless, shunt dysfunction can still arise in more than 25% of cases after one year with covered stents [13] . Portography to measure portal pressure gradient is the gold-standard for the detection of TIPS dysfunction [5] ; however, it is an invasive procedure which cannot be conducted routinely. Doppler ultrasonography (Doppler-US) has been proposed as an alternative to angiography. Many studies have tried to define valid criteria for shunt dysfunction [8, 12, [14] [15] [16] [17] but sensitivity and specificity are very different from one study to another. Among these criteria, the velocity of the portal flow, the direction of the intrahepatic portal flow and the velocity of the flow in the shunt were the most studied, but no threshold was defined. Given the interindividual variability of portal velocity, some authors preferred an individual criterion such as the decrease of baseline value [17] . An association of many criteria may also be more relevant [14] [15] [16] [17] [18] but none has been properly validated so far. The aim of our study was to evaluate prospectively the performance of Doppler-US for the detection of shunt dysfunction assessed by portography, in a multicentric cohort of cirrhotic patients.
MATERIALS AND METHODS
The study protocol was approved by the ethics committee of Tours and each patient gave written consent. This study was funded by the French Ministry of Health and by the Société Nationale Française de Gastroentérologie. This study has been registered on Clinical Trials.com under # 00593528.
Patients
This is an ancillary study from a randomized trial comparing covered and bare stents [13] . Patients were prospectively included in the cohort between February 2008 and July 2009. Cirrhotic patients who needed a TIPS for refractory ascites, hydrothorax or to prevent variceal rebleeding and were treated in 10 French tertiary teaching hospitals were included. The inclusion criteria were: (1) age between 18 and 75 years; (2) cirrhosis previously documented on histological or typical clinical signs; (3) Child-Pugh score < C12 at inclusion; (4) affiliation to the social security system; and (5) provision of informed consent to participate in the study. The exclusion criteria were total portal thrombosis, known hepatocellular carcinoma, cardiac failure, pulmonary hypertension (MAP > 40 mmHg), hepatic polycystosis, dilatation of intrahepatic bile ducts, history of recurrent spontaneous hepatic encephalopathy (HE), hepatic arterial insufficiency, pregnancy, breastfeeding, inadequate contraception for patients of childbearing age.
TIPS procedure
The TIPS procedure was performed with covered or bare stent randomly assigned.
Protocol:
For each patient, a Doppler-US was performed by a radiologist working in the center which included the patient. Doppler-US was carried out before the TIPS procedure, during the days following TIPS insertion, at 1 mo, and every 3 mo thereafter up to 2 years. During this follow-up, portography with portosystemic pressure gradient measurements was scheduled every six months and was performed if dysfunction was suspected from clinical signs or ultrasound. Only Doppler-US performed the day of portography, or during the 15 d before, were compared with portography in this study.
Dysfunction: Shunt dysfunction was defined as
an increase of portosystemic gradient ≥ 12 mmHg and/or a stent stenosis ≥ 50% of the lumen, during angiography. Cases of shunt stenosis without portal hypertension were examined by two independent radiologists. These radiologists were not aware of the Doppler-US results and had no practice at all with vascular stents.
Doppler-US variables:
Different Doppler-US variables were collected for each patient, every three months, by the same operator, on the same ultrasound unit. Patients were fasted for four hours at the time of examination: (1) flow velocity in the main portal vein and within the stent. Patients were asked to have a quiet and regular respiration, and velocities were recorded during a blockpnea. Reported result was the mean of three measurements (cm/s); (2) direction of blood flow in the intrahepatic portal vein branches. The flow was characterized as hepatopetal or hepatofugal in the left branch and the right branch; (3) portal flow modulation induced by the right atrium. The phasicity of portal blood flow was recorded and was classified as demodulated when absent vs modulated; (4) stent filling in color Doppler. The wall to wall color flow within the stent was classified as incomplete vs complete; (5) presence of ascites. Ascites was quantified as absent or moderate (peritoneal effusion in the pouch of Douglas and/or in perihepatic area) vs severe (peritoneal effusion in the abdominal cavity); (6) the relative change of the flow velocity in the main portal vein. The portal velocity was compared to the one measured at one month (considered as the baseline value). Indeed, at one month after TIPS insertion, hemodynamic disturbances are stabililized and neointimal hyperplasia within the stent is not yet significant; and (7) the conclusion of the operator. The conclusion of the physician performing the examination was also recorded (suspected dysfunction; yes or no).
Blinding:
The Doppler-US examination was performed before the portography; therefore, it could not be influenced by it. Furthermore, angiography and Doppler-US were performed by different operators and the operator who performed angiography was unaware of the results of Doppler-US.
Statistical analysis
Associations between shunt dysfunction defined by angiography and Doppler-US variables were analyzed with logistic random-effects models to account for the correlation of data (each patient had several measures).
Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of binary criteria were estimated by a bootstrapping method with 95%CI. This non-parametric method uses the patient as a unit of resampling, to account for the correlation of data and avoid cluster effect.
For quantitative variables (flow velocities), the areas under the curves were estimated punctually and with a bootstrapping method [19] , with 95%CI. Analyses were performed with SAS, version 9.2 (SAS Institute, Cary, North Carolina, United States) and R 2.12.1 (R Development Core Team. R: A language and environment for statistical computing R) by a biomedical statistician.
RESULTS

Patients
In the original study, 137 patients were included and 129 were finally analyzed [20] . Forty one patients were excluded because Doppler-US was not performed within the 15 d before portography. From these 88 patients, 222 paired Doppler-US and angiographies were selected. Some Doppler and angiography data were not registered for technical reasons. Therefore, we analyzed 218 paired Doppler-US and angiographies from 87 patients (Figure 1) .
The main characteristics of the patients are presented in Table 1 . The number of patients for each listed characteristic varies because of missing data. In our cohort, causes of cirrhosis were largely dominated by alcohol (81.6% vs 13.8% for viruses and 8% for NASH) and the patients were predominantly classified as Child B (68.8% vs 18.8% Child A and 12.5% Child C).
Dysfunction
Among the 218 angiographies analyzed, 79 revealed a TIPS dysfunction in 51 patients.
Among these 79 dysfunction events, only 31 were suspected from Doppler-US, based on operator conclusions. Patency problems were detected for the first time with a median delay of 7.5 mo (6.2-18.3). The first event of dysfunction occurred in almost half of the cases (22/51) 6 ± 1 mo after TIPS insertion. Among these cases, less than half (10/22) were suspected from Doppler-US.
During portography, stenosis was located in the lower part of the stent in eight cases (20.5%), in the middle part of the stent in eight cases (20.5%), in the upper part of the stent in 16 cases (41%) and in the hepatic vein in seven cases (17.9%). Stenosis was suspected on Doppler-US in 62.5% cases (10/16) when the stenosis was located in the low or middle part of the stent, whereas it was suspected in 50% cases (8/16) when located in the upper part of the stent (Table 2) .
Doppler-US variables
The performances of each Doppler-US criterion to discriminate TIPS dysfunction are summarized in Table 3 .
Portal flow modulation
Loss of portal flow modulation induced by the right atrium was more frequent in case of dysfunction 29/65 (44.6%) vs 23/112 (20.5%) (P = 0.0005). The sensitivity of this variable was 44.4% (Table 3) .
Intra hepatic portal flow direction:
In the right portal vein, the flow was hepatopedal in 35/61 cases of dysfunction (57.3%), whereas it was hepatopedal in 43/112 cases (38.3%) in the absence of dysfunction. This variable (hepatopedal vs hepatofugal flow) was associated with TIPS dysfunction for both right (P = 0.038) and left branches (P = 0.049). The sensitivity and specificity of this variable were 57.2% and 61.7%, respectively for the right branch, and 54.7% and 66.8%, respectively for the left branch (Table 3) . Ascites: Ascites was severe in 22/79 cases of dysfunction (27.8%) vs 13/139 cases in the absence of dysfunction (9.3%) (P = 0.001). The sensitivity and specificity of this variable were 27.9% and 90.6%, respectively (Table 3) .
Stent velocity:
The mean velocity within the stent was 76.6 ± 52.5 cm/s in cases of dysfunction and 76.8 ± 35.8 cm/s in the absence of dysfunction (P = 0.753).
Portal vein velocity:
The mean portal vein velocity was 25.1 ± 14.9 cm/s in cases of dysfunction and 34.3 ± 19.9 cm/s in the absence of dysfunction (P = 0.008). AUC is presented in Table 4 . The mean change of portal velocity relative to that measured 1 mo after TIPS insertion, called portal velocity delta, was -8.8 ± 18.1 cm/s in the dysfunction group, and -2.1 ± 22.5 cm/s in the absence of dysfunction group (P = 0.045). However, AUC of this variable is 0.577 (Table 4) .
Portal velocity delta combined with right portal vein flow direction:
The AUC of this association was 0.626 (Table 4 ).
Operator conclusion: Dysfunction was suspected from Doppler-US in 31/79 patients with certified dysfunction (39.2%), and in 18/139 patients in the absence of dysfunction (12.9%) (P = 0.0001). The sensitivity of this variable was 39.1% and its specificity was 87.1% (Table 3) .
DISCUSSION
In our study, low portal vein velocity, hepatopedal flow in portal vein branches, loss of portal flow modulation, severe ascites and operator conclusion were associated with TIPS dysfunction. Nevertheless, the performance of these Doppler-US criteria for the diagnosis of TIPS dysfunction was poor.
Many studies have shown that dysfunction is associated with low main portal vein velocity [8, 15, 20] . Some authors have tried to define a threshold value to discriminate patent from non-patent shunts; however, results were inconsistent [8, 15, 20] . In our study, the AUC of main portal vein velocity was 0.655, so we cannot propose a relevant cut-off value. These results underline the difficulties to obtain a reproducible cut-off value, possibly due to the inter-individual variability of this variable. However, in our study, temporal change in main portal vein velocity relative to its baseline value was not more relevant than main portal vein velocity itself. Similarly, other authors [15, 17] have reported poor sensitivity for a decrease of 33% in portal vein velocity. The change of flow direction in the portal vein branches was significantly associated with dysfunction, both in the right and left branch. However, the sensitivity and the specificity of these variables were insufficient (all below 70%). This association has been already reported [8, 14, 15, 18] with variable results.
Kanterman et al [15] concluded this variable has a low sensitivity because intra hepatic flow reversal is a late sign of dysfunction. Some authors have associated intrahepatic flow direction with another variable, portal vein velocity or stent velocity [14, 18] . In our study, we evaluated the diagnostic accuracy of hepatopedal flow in the right portal branch combined with the decrease in portal vein velocity, but the AUC was mediocre. This is consistent with the low sensitivity we observed for each variable. In our study, we did not find a significant modification of velocity within the shunt in cases of dysfunction. These results are consistent with some studies [16, 18] , whereas other authors have reported intra-stent velocity as a predictive variable [15, 17] . These differences can be explained by the poor reproducibility of this measurement. Indeed, the stent velocity increases from the portal extremity to the hepatic end [21] and consequently depends on the measurement site.
The lack of cardiac modulation of the portal flow was strongly associated with TIPS dysfunction. These Table 2 Suspicion of dysfunction based on the conclusion of the operator, according to the localization of the stenosis n (%) results are consistent with those reported by some authors [22, 23] . As others [5] , we observed that detection of ascites during Doppler-US examination was associated with shunt dysfunction with a high specificity (90.6%). This is consistent with the fact that ascites is a late sign of dysfunction and not a predictive one.
The conclusion of the operator was associated with dysfunction with high specificity but with low sensitivity. The negative predictive value of this variable was 71.5%, thus a dysfunction cannot be ruled out when Doppler-US examination does not suggest dysfunction. In other studies [8, 15, 17] , this variable predicted shunt dysfunction more accurately than in our study, probably because of the monocentric design of these studies. Indeed, Doppler-US is an operatordependent examination [24] which explains differences observed from one study to another, and difficulties to identify objective and reproducible predictors of TIPS dysfunction. Moreover, this underlines the importance of the experience of the operator. Most of the Doppler-US were performed by experienced and specialized operators in this study. In only 2 centers, some examinations have been occasionally realized by residents.
In our study, we found lower sensitivities and specificities than those reported in literature, probably because we avoided institution bias. Indeed, this study was designed as a pragmatic study and represents the reality of current practice, with about half of the French centers realizing TIPS procedure included in this study.
Moreover, dysfunctions observed in our study were mostly located in the upper part of the stent and may be more difficult to diagnose in Doppler-US.
Other authors reported similar results to ours, and failed to identify Doppler-US variables relevant to diagnose shunt dysfunction [16, 20] . Interestingly, these studies were also prospective and double-blinded but included fewer patients than our study.
In our study, some procedures were realized with bare stents and other with covered stent but this has no incidence on the results as we took in account only dysfunction. Shunt dysfunction occurs frequently, even with covered stents [13] ; therefore, it is still necessary to monitor shunt patency, especially to avoid the recurrence of digestive bleeding as it is a life-threatening complication. Given its poor diagnostic performance, Doppler-US is not a good diagnostic tool for routine screening across centers. Clinical supervision may be sufficient for TIPS indications such as refractory ascites, whereas early detection of shunt dysfunction appears crucial for TIPS indications such as variceal bleeding. New tools, more efficient than Doppler-US and less invasive than angiography, are needed. Contrast-enhanced ultrasound [25] , as well as the measurement of azygos blood flow by magnetic resonance imaging [26] may be of interest but further studies are needed. In the meanwhile, an angiography should still be proposed, especially for bleeding indications of TIPS, sixth months after TIPS insertion because the first event of dysfunction occurs in almost half of cases at 6 mo.
In conclusion, this pragmatic study shows that the performance of Doppler-US for the detection of TIPS dysfunction is poor in current practice.
COMMENTS
Background
Angiography is the gold-standard procedure to evaluate transjugular intrahepatic porto-systemic shunt (TIPS) dysfunction. However, it is an invasive technic performed only in limited specialized centers. Thus, Doppler ultrasonography (Doppler-US) is frequently used for TIPS monitoring.
Research frontiers
Despite frequent use of Doppler-US for TIPS monitoring, to date, no criterion of TIPS dysfunction have been prospectively evaluated.
Innovations and breakthroughs
The authors conducted the first large prospective multicentric evaluation of the performance of Doppler-US for the detection of TIPS dysfunction. 
